Introduction
The centrosome is a small non-membranous organelle composed of a pair of centrioles and surrounding amorphous pericentriolar materials. The function of the centrosome is to nucleate and anchor microtubules, and thus has a key role in organizing the microtubule networks during interphase and has a role in spindle formation during mitosis (reviewed in Doxsey, 2001; Fukasawa, 2007) . The centrosome, like DNA, duplicates once during the cell cycle and duplication of these two organelles proceeds in coordination: centrosome duplication starts at the G1/S boundary by the physical splitting of the paired centrioles, followed by the formation of procentrioles in the vicinity of each preexisting centriole and progressive recruitment of centrosomal proteins, resulting in generation of two mature centrosomes by the late G2 phase of the cell cycle (reviewed in Hinchcliffe and Sluder, 2002) . In mitosis, these two duplicated centrosomes direct the formation of bipolar mitotic spindles and the bipolarity of the mitotic spindles is critical for the accurate chromosome transmission into the daughter cells during cytokinesis. The centrosome duplication process is highly regulated to ensure that one and only one duplication of the centrosome takes place in a single cell cycle, and thus abrogation of the regulatory mechanism leads to multiple rounds of duplication in a single cell cycle, resulting in the generation of more than two centrosomes (centrosome amplification). The presence of amplified centrosomes disrupts the proper formation of the bipolar mitotic spindles, leading to unbalanced chromosome segregation (reviewed in Fukasawa, 2007) . Chromosome instability accelerates tumor progression by introducing multiple genetic alterations responsible for acquisition of malignant phenotypes, and centrosome amplification is thought to be the major cause of chromosome instability in cancer cells (reviewed in D 'Assoro et al., 2002; Fukasawa, 2005) .
Coupling of the initiation of centrosome duplication and DNA replication is achieved by the late G1-specific activation of cyclin-dependent kinase 2 (CDK2)-cyclin E. CDK2-cyclin E, a known initiator of DNA replication (reviewed in Morgan, 1997; Reed, 1997) , also triggers the initiation of centrosome duplication (Hinchcliffe et al., 1999; Lacey et al., 1999; Matsumoto et al., 1999; Tarapore et al., 2002) . CDK2-cyclin E appears to target multiple proteins to trigger initiation of centrosome duplication, including nucleophosmin (NPM/ B23), Mps1 kinase and CP110 (Okuda et al., 2000; Fisk and Winey, 2001; Chen et al., 2002) . NPM/B23, a molecular chaperone protein, phosphorylated by CDK2-cyclin E binds to and superactivates ROCK II kinase, and the superactivation of ROCK II by NPM/B23 is one of the critical events for initiation of centrosome duplication (Ma et al., 2006) . Activation of ROCK II also requires the binding of Rho small GTPase. ROCK II has an autoinhibitory C-terminal region, which folds back to physically interact with the N-terminal kinase region, leading to inhibition of the kinase activity, and binding of GTPbound Rho (Rho-GTP) to the C-terminal Rho-binding domain releases the kinase domain from this negative regulatory mechanism (Matsui et al., 1996; Nakagawa et al., 1996) . There are three Rho isoforms: RhoA, RhoB and RhoC. Despite the high homology among them, they appear to participate in different cellular events/functions due to the differences in their expression patterns, in their activation patterns by the upstream regulatory proteins, in their binding activities/affinities to their target proteins and differences in their subcellular localization patterns (reviewed in Wheeler and Ridley, 2004) . In cancer, RhoA and RhoC are frequently overexpressed/overactivated, whereas RhoB is often downregulated. It has been reported that RhoA and RhoC contribute in proliferation and metastasis of cancer cells, while RhoB inhibits the invasion and metastasis (reviewed in Vega and Ridley, 2008) .
As all Rho isoforms are able to bind to and activate ROCK II, we investigated which Rho isoform(s) are responsible for activation of ROCK II to promote centrosome duplication, and found that both RhoA and RhoC, but not RhoB, have critical roles.
Results
RhoA and RhoC, but not RhoB, are involved in the regulation of centrosome duplication The activation of ROCK II requires the binding of activated Rho (Rho-GTP) to the C-terminal autoinhibitory region. As all Rho isoforms (RhoA, B and C) are capable of binding to and activate ROCK II, we tested which Rho isoform(s) are responsible for the ROCK IIassociated promotion of centrosome duplication. To this end, we examined how depletion of each Rho isoform affects the efficiency of centrosome duplication by using the centrosome reduplication assay. When centrosome duplication-permissive cells (that is, cells with functionally defective p53 or p53-dependent checkpoint pathway) are arrested by exposure to DNA synthesis inhibitors, such as aphidicolin, then centrosomes continue to reduplicate without DNA synthesis, resulting in generation of more than two centrosomes (centrosome amplification) (Balczon et al., 1995; Tarapore et al., 2001) . NIH3T3 cells used in our laboratory are partially defective in the p53-dependent checkpoint pathway, and thus suitable for this assay. NIH3T3 cells were transfected with the small interfering RNA (siRNA) sequence specific for each Rho isoform together with a plasmid containing green fluorescent protein (GFP) and neomycin resistant genes as selection markers. After a drug selection, >90% of the surviving cells showed successful transfection (identified by the positive GFP) (data not shown). The surviving cells were examined for the expression of the respective Rho isoforms by an immunoblot analysis ( Figure 1A ). All isoforms were successfully silenced to o10% of the normal levels, and the siRNA sequence for each Rho isoform was highly specific: no significant reduction of the levels of other isoforms was detected (also see Supplementary Figure 1 ). However, it should be noted here that, as reported previously (Ho et al., 2008) , we also observed an increase in the level of RhoB in cells silenced for RhoA.
These siRNA-transfected cells were subjected to the centrosome reduplication assay. Depletion of both RhoA and RhoC resulted in suppression of the centrosome reduplication, while depletion of RhoB had no effect ( Figure 1B , representative immunostaining images of cells depleted for RhoA and RhoC are shown in Figure 1C ), implicating both RhoA and RhoC, but not RhoB, has a role in the regulation of centrosome duplication. However, when the constitutively active mutant RhoA (Glu63-Leu63; RhoA-L63) was introduced into cells silenced for RhoC expression, centrosome duplication was no longer suppressed ( Figure 1D ). Similarly, centrosome duplication was no longer suppressed in the cells silenced for RhoA expression when RhoC-L63 was introduced ( Figure 1D) . Thus, the function of RhoA may be readily compensated by RhoC overexpression/overactivation and vice versa. Alternatively, RhoA and RhoC may act on the same target protein, and the introduced RhoA or RhoC may compensate the shortage of the intracellular level of Rho required for the initiation of centrosome duplication in cells depleted for RhoC or RhoA, respectively. In contrast to RhoA and RhoC, overexpression of RhoB-L63 failed to restore the centrosome reduplication potential in the cells silenced for RhoA, as well as RhoC (Supplementary Figure 2) , further indicating that RhoB is not involved in the regulation of centrosome duplication during the aphidicolininduced arrest.
We next tested whether RhoA and RhoC are also involved in the regulation of centrosome duplication during the normal cell cycle. For this experiment, we used primary mouse skin fibroblasts, which show the nearest perfect coupling of initiation of centrosome duplication and DNA replication. Mouse skin fibroblasts were first serum-starved and transfected with RhoA, as well as with RhoC-siRNA sequences. Cells were then serum-stimulated, and the rates of centrosome duplication and S-phase entry (bromodeoxyuridineincorporation) were monitored for 35 h ( Figure 1E ). There was no noticeable change in the rate of S-phase entry in the RhoA-siRNA and RhoC-siRNA cells. However, the initiation of centrosome duplication was markedly delayed in the RhoA-siRNA and RhoCsiRNA cells compared with the control cells, indicating that both RhoA and RhoC are required for initiation for centrosome duplication during the normal cell cycle. We also tested whether depletion of RhoB affects the initiation of centrosome duplication during the normal cell cycle. Expectedly, the rates of centrosome duplication and S-phase entry of the cells silenced for RhoB expression were found to be similar to those of the control cells (data not shown). 
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iii iii Figure 1 Depletion of RhoA and RhoC, but not RhoB, suppresses centrosome duplication. NIH3T3 cells were co-transfected with a pSuper (pS) plasmid containing the siRNA sequences specific for each Rho isoform and a green fluorescence protein (GFP)-plasmid containing a neomycin-resistance gene. As a control, a pS plasmid containing a randomized siRNA sequence was transfected. After G418 selection, the surviving cells were pooled. The lysates prepared from the transfected cells were immunoblotted with anti-RhoA, anti-RhoB and anti-Rho C antibodies (A). The transfected cells were exposed to aphidicolin (Aph) for 48 h, and examined for the centrosome profiles by immunostaining with anti-g-tubulin and anti-GFP antibodies. DNA was stained with 4 0 ,6-diamidino-2-phenylindole (DAPI). The number of centrosomes per cell was scored in the GFP-positive cells, and the results are shown in the graph (B) as the average ± s.e. from three experiments. For each experiment, 4200 cells were examined. The representative immunostaining images of the GFP-positive and neighboring GFP-negative cells transfected with RhoA (#1) and RhoC siRNAs (#1) are shown in (C). The magnified images of the indicated areas (i-iii) are shown in the bottom panels. NIH3T3 cells were co-transfected with a pSuper plasmid containing the siRNA sequences specific for RhoA (#1) or RhoC (#1), and a plasmid containing either GFP-RhoA-L63 or GFP-RhoC-L63. As a control, a pSuper plasmid with a randomized siRNA sequence and a GFP vector plasmid were co-transfected. The transfected cells were subjected to the centrosome reduplication assay (aphidicolin (Aph) for 30 h). The number of centrosomes per cell was scored in the GFP-positive cells and the results are shown in the graph (D) as the average ± s.e. from three experiments. Mouse skin fibroblasts (MSFs) were serum-starved by 0.2% fetal bovine serum (FBS) for 24 h, and co-transfected with a pS plasmid containing the siRNA sequence specific for each Rho isoform and GFP as a marker. After total 48 h serum starvation, cells were serum-stimulated by 20% FBS in the presence of bromodeoxyuridine (BrdU). The cells were then monitored every 7 h for a period of 35 h for the rates of centrosome duplication and BrdU-incorporation as described previously (Ma et al., 2006) , and the results were shown in the graph (E). pS-vector control: square ('), pS-RhoA (#1): triangle (m), and pS-RhoC (#1): diamond (E).
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To corroborate the above findings, we investigated how functional inhibition of each Rho isoform affects centrosome duplication. To this end, we transfected the GFP-tagged dominant negative Rho mutant (Thr19-Agn; N19) of each isoform into NIH3T3 cells. After confirming the comparable expression levels of the N19 mutants ( Figure 2A , lanes 2, 4 and 6), the transfected cells were subjected to the centrosome reduplication Figure 2 Effects of the expression of dominant-negative and constitutively active mutant Rho proteins on centrosome duplication. NIH3T3 cells were transfected with a plasmid encoding GFP-tagged RhoA-N19, RhoB-N19, RhoC-N19, RhoA-L63, RhoB-L63 or RhoC-L63. As a control, a GFP vector plasmid was transfected. The lysates prepared from the transfected cells were immunoblotted with anti-GFP antibody (A). The transfected cells were subjected to the centrosome reduplication assay (aphidicolin for 48 h). After immunostaining with anti-g-tubulin and anti-GFP antibodies and counter-staining DNA with 4 0 ,6-diamidino-2-phenylindole (DAPI), the number of centrosomes per cell was scored in the GFP-positive cells, and the results are shown in the graph (B) as the average±s.e. from three experiments. The representative immunostaining images of the GFP-positive and neighboring GFP-negative cells are shown in (C). The magnified images of the indicated areas (i-iv) are shown at the right of each panel. NIH3T3 cells were transfected with FLAG-RhoA L63 and puromycin gene (plasmid DNA ratio is 20:1) and after 3 days of drug selection, centrosome reduplication assay was performed. To show the centrosome integrity, the amplified centrosomes were co-immunostained with anti-g-tubulin (green) and anti-centrin (red) antibodies (D). Each single g-tubulin spot contains a pair of centrioles. The magnified images of the indicated areas (i-iii) are shown at the right of each panel.
Role of RhoA and RhoC in centrosome duplication M Kanai et al assay. Similarly in the siRNA-mediated silencing study, expression of RhoA-N19 and RhoC-N19 resulted in suppression of centrosome duplication, while expression of RhoB-N19 had no effect ( Figure 2B ; representative immunostaining images of RhoA-N19-, RhoB-N19-and RhoC-N19-transfected cells are shown in Figure 2C , panels a-c). These results further demonstrate that both RhoA and RhoC, but not RhoB, are required for initiation of centrosome duplication.
Overexpression/overactivation of RhoA and RhoC, but not RhoB, promotes centrosome duplication We next investigated how exogenously introduced constitutively active mutant Rho proteins affect centrosome duplication. Rho protein, whose Gln63 is replaced by Leu (L63), is resistant to GTP-guanosine diphosphate (GDP) exchange, and thus remains as GTPbound active form (Wang et al., 2003b) . The NIH3T3 cells were transfected with GFP-tagged L63 mutant of each isoform. All L63 mutants are expressed at comparable levels ( Figure 2A , lanes 3, 5 and 7). The transfected cells were subjected to the centrosome reduplication assay. Expression of RhoA-L63 and RhoC-L63 both resulted in an increase in the frequency of centrosome reduplication compared with the control cells, whereas such an increase was minimal in cells transfected with RhoB-L63 ( Figure 2B ; representative immunostaining images of RhoA-L63-, RhoB-L63-and RhoC-L63-transfected cells are shown in Figure 2C , panels d-f). To examine the structural integrity of the amplified centrosomes, the transfected cells were also co-immunostained for g-tubulin and centrin ( Figure 2D ). Centrin closely associates with centrioles, and thus immunostaining of centrin allows visualization of the paired centrioles within the centrosome (reviewed in Salisbury, 2007) . Each amplified centrosome contains a pair of centrioles, indicating that amplified centrosomes are not due to the fragmentation of centrosomes. These results further indicate that, although RhoB may have a minimal activity to promote centrosome duplication, RhoA and RhoC are actively involved in the regulation of the initiation of centrosome duplication. Moreover, the inability of RhoB to promote centrosome duplication is not due to the failure or inefficiency of being activated.
RhoA and RhoC, but not RhoB, localize to centrosomes We have previously shown that ROCK II localizes to centrosomes, and controls centrosome duplication at the centrosome (Ma et al., 2006) . Although all GTP-bound Rho isoforms are known to bind to and activate ROCK II, the abilities of RhoA and RhoC, but not RhoB, to promote centrosome duplication may be attributed to their abilities to localize to the centrosomes. To test this possibility, NIH3T3 cells were transfected with GFPtagged constitutively active (L63) and dominant negative (N19) mutants of RhoA, RhoB and RhoC, and coimmunostained with anti-g-tubulin and anti-GFP antibodies. The localization of RhoA-L63 and RhoC-L63 were readily observed at centrosomes, as well as at pericentrosomal regions, while RhoB-L63 was not detected at or around the centrosomes ( Figure 3A , panels b-d), suggesting that the inability of RhoB to promote centrosome duplication may be due to a failure to localize to centrosomes. In contrast to GTP-bound Rho, all the dominant negative mutants (RhoA-N19, RhoB-N19 and RhoC-N19) were negligible at centrosomes ( Figure 3A , panels e-g). Thus, GTP-bound forms of RhoA and RhoC, but not GDP-bound forms, appear to efficiently localize to centrosomes.
We also tested whether centrosomal localization of Rho depends on the presence of ROCK II by analyzing the RhoA-L63 mutant expressed in the cells silenced for ROCK II. We found that GFP-RhoA-L63 was still able to localize to centrosomes (data not shown), indicating that centrosomal localization of Rho does not depend on the presence of ROCK II. This is not unexpected, considering that other Rho-binding proteins (that is, ROCK I) are known to localize to centrosomes (Chevrier et al., 2002) .
As GTP-bound forms of RhoA and RhoC localize to the centrosome, we next investigated whether centrosomal localization of ROCK II depends on RhoA or RhoC. The NIH3T3 cells were transfected with RhoA siRNA, RhoC siRNA or FLAG-tagged L63 constitutively active mutant, L40 ROCK II activation defective mutant and L40/L63 double-mutant of RhoA and RhoC. For all the transfections, GFP-centrin was cotransfected as a transfection marker, as well as a centriole marker. RhoA-N19 dominant negative mutant was used as a control. The transfected cells were briefly extracted before fixation, and subjected to immunostaining with anti-GFP and anti-ROCK II antibodies. We found no recognizable difference in centrosomal localization patterns of ROCK II among cells silenced for RhoA or RhoC and in those cells expressing various Rho mutants (for representative immunostaining images, see Figure 3B ), indicating that centrosomal localization of ROCK II is independent of Rho. This result agrees with our previous findings that the N-terminal region (amino acids 421-553) that lies within the coiled-coil domain of ROCK II is responsible for its centrosomal localization (Ma et al., 2006) , which differs from the Rho-binding domain (amino acids 979-1047).
RhoA-and RhoC-associated promotion of centrosome duplication is ROCK II-dependent Like other small GTPases, Rho binds to and controls the activities of many proteins (reviewed in Bishop and Hall, 2000) . Thus, it is possible that Rho may control centrosome duplication through multiple pathways, including the ROCK II pathway. To this end, we examined the abilities of the constitutively active L63 RhoA and RhoC mutants to drive centrosome duplication in cells silenced for ROCK II expression. As previously shown (Ma et al., 2006) , ROCK II could be transiently silenced in NIH3T3 cells to o10% of the normal expression level by siRNA (ROCK II RNAi cells) (Figure 4a Figure 3 Constitutively active mutants of RhoA and RhoC, but not RhoB, localize to centrosomes independently from ROCK II. (A) NIH3T3 cells were transfected with a plasmid containing GFP-tagged constitutively active (L63) and dominant negative (N19) of RhoA, RhoB or RhoC, and immunostained with anti-g-tubulin (red) and anti-GFP antibodies (green), and then counterstained for DNA with 4 0 ,6-diamidino-2-phenylindole (DAPI) (blue). The magnified images of the indicated areas in panels a-g are shown at the right side; g-tubulin: top panels (red), GFP: middle panels (green), overlay: bottom panels in each set. (B) NIH3T3 cells were transfected with FLAG-vector, pSuper-RhoA or FLAG-tagged L40 of RhoA. GFP-centrin was co-transfected as a transfection, as well as a centriole marker (10:1 ratio). The transfected cells were briefly extracted before fixation (see Materials and methods), and subjected to immunostaining with anti-GFP and anti-ROCK II antibodies. The magnified images of the indicated areas in panels a-c are shown on the right. ROCK II: top panels (red), GFP (GFP-centrin): middle panels (green), overlay: bottom panels in each set.
Role of RhoA and RhoC in centrosome duplication M Kanai et al (L63) and dominant negative (N19) mutants of RhoA and RhoC (Figure 4a , top panel). The transfected cells were then subjected to the centrosome reduplication assay (Figure 4b ). Both RhoA-L63 and RhoC-L63 failed to promote centrosome duplication in the ROCK II RNAi cells, indicating that the centrosome duplication promoting activities of RhoA and RhoC requires the presence of ROCK II. However, the frequencies of centrosome reduplication in the ROCK II RNAi cells transfected with RhoA-L63, as well as RhoC-L63 were small, but noticeably more than the control ROCK II RNAi cells (B15 vs B8%). Also, the frequencies of centrosome reduplication in the ROCK II RNAi cells transfected with RhoA-N19, as well as RhoC-N19 dominant negative mutants were small, but noticeably less than the control ROCK II RNAi cells (B5 vs B8%). Although such differences may be due to either incomplete silencing of ROCK II in ROCK II RNAi cells or incomplete inhibition of endogenous Rho proteins by the dominant negative Rho mutants, it is also possible that there may be additional effector(s) of RhoA, as well as RhoC other than ROCK II to drive centrosome duplication.
To test whether Rho controls centrosome duplication solely via targeting ROCK II or through multiple pathways, we examined the RhoA-L40 and RhoC-L40 mutants that have been reported to be defective for binding to and activating ROCK II (Sahai et al., 1998) for their activities to promote centrosome duplication. Before this experiment, we analyzed the Rho-L40 mutant for their abilities to bind to and activate ROCK II. To test the ROCK II-binding activity of the L40 mutant, 293T cells were co-transfected with the ROCK II sequence (amino acids 600-1388) that contains the Rho-binding domain and FLAG-tagged RhoA-L40, RhoA-L63, or RhoA-L40/L63. FLAG-RhoA-L63 bound to ROCK II efficiently, while FLAG-RhoA-L40 and FLAG-RhoA-L40/L63 failed to do so (Supplementary Figure 3 ), demonstrating that Rho-L40 mutant is indeed defective for binding to ROCK II. To test the L40 mutant for its ability to activate ROCK II, NIH3T3 cells were transfected with FLAG-tagged RhoA-N19, RhoA-L40, RhoA-L63 or RhoA-L40/L63. To examine the ROCK activation in the transfected cells, cells were stained for stress fibers with fluoresceinconjugated phalloidin. As expected, the expression of RhoA-N19 resulted in reduction of stress fiber formation, while overexpression of RhoA-L63 resulted in strong stress fiber formation. In cells transfected with either RhoA-L40/L63 ( Figure 5A ) or with RhoA-L40 (data not shown), there was no difference in the stress fiber staining patterns with the vector-transfected control cells, demonstrating that the Rho-L40 mutant cannot activate ROCK. Confirming that the Rho-L40 mutant cannot bind to and activate ROCK II in our experimental systems, NIH3T3 cells were transfected with RhoA-L40 and RhoC-L40, as well as constitutively active forms of RhoA-L40 and RhoC-L40 (RhoA-L40/ L63, RhoC-L40/L63, respectively). As positive and negative controls, constitutively active RhoA-L63 and RhoC-L63 mutants, as well as vector plasmids were transfected. After confirming that all Rho mutants were expressed at comparable levels ( Figure 5B ), the transfected cells were subjected to the centrosome reduplication assay ( Figure 5C ; representative immunostaining images are shown in Figure 5D ). RhoA-L40 and RhoC-L40 ROCK II-binding/activation mutants, as well as the RhoA-L40/L63 and RhoC-L40/L63 double mutants failed to promote centrosome duplication, indicating that ROCK II is a primary target of RhoA and RhoC to promote centrosome duplication. The centrosome duplication promoting activities of RhoA and RhoC depend on the presence of ROCK II. NIH3T3 cells were transfected with ROCK II siRNA (pS-ROCK II) along with a puromycin-resistant plasmid (with 10:1 ratio). As a control, a pS plasmid containing a randomized siRNA sequence was transfected. After puromycin selection for 3 days, the surviving cells were pooled, and transfected with GFP-tagged RhoA-N19, RhoA-L63, RhoC-N19 and Rho-L63. As a control, a GFP-vector plasmid was transfected. The lysates prepared from the transfected cells were immunoblotted with anti-GFP and anti-ROCK II antibodies (a). The transfected cells were also subjected to the centrosome reduplication assay (aphidicolin exposure; 24 h). The centrosome profiles were scored for the GFP-positive cells, and the results are shown in the graph (b) as the average ± s.e from three experiments.
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If ROCK II is truly a primary target of RhoA and RhoC for the initiation of centrosome duplication, the constitutively active ROCK II (CAT mutant), whose activity is independent of the Rho-binding, should be able to restore the ability to initiate centrosome duplication in cells silenced for either RhoA or for (E) NIH3T3 cells were transfected with a pSuper plasmid containing a randomized siRNA, RhoA-siRNA or RhoC-siRNA sequence along with either a GFP-vector plasmid or GFP-CAT (Rho-independent constitutively active ROCK II mutant) at 10:1 ratio. The transfected cells were then exposed to aphidicolin for 48 h, and examined for the centrosome profiles: the number of centrosomes per cell was scored in the GFP-positive cells, and the results are shown in the graph as the average±s.e. from three experiments.
RhoC. To test this possibility, NIH3T3 cells were transfected with the CAT mutant along with either RhoA-or RhoC-siRNA sequence. The transfected cells were then subjected to the centrosome reduplication assay. As expected, silencing of RhoA and RhoC resulted in suppression of centrosome reduplication. However, when the CAT mutant was co-expressed, cells silenced for either RhoA or RhoC reduplicated centrosomes at frequencies similar to those transfected with the CAT mutant alone ( Figure 5E ). Thus, the constitutively active ROCK II can fully restore the centrosome duplication potential in cells silenced for RhoA, as well as RhoC, further demonstrating that ROCK II is a primary effector of RhoA and RhoC to promote centrosome duplication.
Discussion
The centrosome/centriole duplication cycle is coupled with the DNA replication cycle, which is one of the important mechanisms that ensure centrosomes to duplicate only once in a single cell cycle. The coupling of these two events is, at least in part, achieved by the late G1 phase-specific activation of CDK2-cyclin E. CDK2-cyclin E targets a number of proteins, which leads to initiation of both centrosome duplication and DNA replication. We have previously shown that NPM/ B23 is one of the targets of CDK2-cyclin E to initiate centrosome duplication (Okuda et al., 2000; Tokuyama et al., 2001) . NPM/B23 phosphorylated by CDK2-cyclin E binds to and superactivates ROCK II, which is a critical event for the timely initiation of centrosome duplication (Ma et al., 2006) . Activation of ROCK II also requires the binding of Rho-GTPase to the Rho binding domain at C-terminus, which releases the kinase domain from the autoinhibitory domain. Although all Rho isoforms (RhoA, RhoB and RhoC) are capable of binding to and activating ROCK II, we found that RhoA and RhoC, but not RhoB, participate in the regulation of centrosome duplication. For instance, knockdown of either RhoA or of RhoC resulted in suppression of centrosome duplication, while knockdown of RhoB had no effect on centrosome duplication. The activity of Rho is regulated by three classes of proteins: guanine nucleotide exchange factors (GEFs), which facilitate the exchange of GDP to GTP, GTPaseactivating proteins, which increase the rate of GTP hydrolysis to GDP and GDP dissociating inhibitors, which inhibit spontaneous GDP-GTP exchange of Rho (reviewed in Kjoller and Hall, 1999) . The failure of RhoB to promote centrosome duplication is not due to the failure to be activated by these regulatory proteins, as expression of constitutively active form of RhoB, unlike that of RhoA and RhoC, fails to efficiently promote centrosome duplication. Instead, we found that constitutively active RhoA and RhoC localize to centrosomes, whereas RhoB failed to do so. As ROCK II localizes to centrosomes throughout the cell cycle, and drives centrosome duplication at centrosomes (Ma et al., 2006) , the ability of Rho to be recruited to centrosomes is expected to be required for controlling centrosome duplication. Thus, the failure of RhoB to control centrosome duplication is likely because of its inability to localize to centrosomes. Although our present studies show that RhoB is not involved in centrosome duplication during normal cell cycle or centrosome reduplication in late G1 and S phases, our studies do not exclude the involvement of RhoB in centrosome amplification that occurs in late G2 phase. For instance, there is one study implicating RhoB in radiation-induced centrosome amplification, which is known to occur in late G2 phase of the cell cycle (Milia et al., 2005) . In respect to the centrosome localization activity of Rho, we further found that GDP-bound inactive forms of RhoA and RhoC fail to localize to centrosomes or do so very inefficiently. However, this observation does not answer whether RhoA/C is recruited to centrosomes as a GDP-bound form or GTP-bound form. It is possible that RhoA/C may be recruited to centrosomes as a GDP-bound form, and GDP-GTP exchange may occur at centrosomes. In support of this possibility, some RhoGEFs such as Ect2 (Wolf et al., 2006) and ARHGEF10 (Aoki et al., 2009) have been shown to reside at centrosomes, indicating that GDP-GTP exchanges of Rho can occur at centrosomes.
The observation that depletion of RhoA alone and that of RhoC alone both resulted in suppression of centrosome duplication raises a question of whether there is any functional difference between RhoA and RhoC to control centrosome duplication. Our present studies indicate that ROCK II is a primary target of both RhoA and RhoC to control centrosome duplication. For instance, the ROCK II-binding/activation defective mutant RhoA and RhoC both failed to promote centrosome duplication. Based on the finding that introduction of constitutively active RhoC in the RhoA RNAi cells, as well as introduction of constitutively active RhoA in the RhoC RNAi cells restores the centrosome duplication potential of the cells, it is possible that RhoA and RhoC may comprise the intracellular concentration of the total Rho proteins required for initiation of centrosome duplication. However, alternatively, although the primary target of both RhoA and RhoC is ROCK II, RhoA and RhoC may possess their own unique functions towards the initiation of centrosome duplication besides ROCK II activation, and such unique function(s) of one isoform may be readily compensated by the overexpression/ overactivation of the other isoform.
Our present findings put forward several significant clinical implications. Overactivation of RhoA, as well as RhoC is commonly found in human cancers (reviewed in Go´mez del Pulgar et al., 2005; Ellenbroek and Collard, 2007; Vega and Ridley, 2008) . We found that overexpression/overactivation of RhoA and RhoC promotes centrosome duplication through ROCK II. Moreover, stable expression of constitutively active forms of RhoA and RhoC results in a high frequency of centrosome amplification and chromosome instability (data not shown). Because the presence of amplified centrosomes destabilizes chromosomes, centrosome amplification is likely an important factor contributing to carcinogenesis associated with overexpression/overactivation of RhoA and RhoC. The other implication is in association with aberrant activation of receptor tyrosine kinases and carcinogenesis. The uncontrolled activation of receptor tyrosine kinases is one of the most common features of cancers. It has been recognized that oncogenic activation of many receptor tyrosine kinases leads to destabilization of chromosomes. However, this phenomenon has been belittled as an indirect consequence of the continuous firing of the cell cycle signaling. As Rho is one of the immediate effectors of a wide variety of receptor tyrosine kinases (reviewed in Kjoller and Hall, 1999) , our present finding, in which overactivation of Rho leads to centrosome amplification through ROCK II, suggest that oncogenic activation of receptor tyrosine kinases may be more directly involved in destabilization of chromosomes through generation of amplified centrosomes by continual activation of the Rho-ROCK II pathway. Consistently to this possibility, it has been shown that continual (oncogenic) activation of epidermal growth factor receptor has been shown to promote centrosome duplication (Balczon et al., 1995) . Similarly, stable expression and continual activation of the Met hepatocyte growth factor receptor in fibroblasts (that is, M114 cell line supplemented with excess hepatocyte growth factor, Shinomiya et al., 2004) leads to centrosome amplification in a ROCK II-dependent manner (Supplementary Figure 4) .
Materials and methods
Cell culture and transfection NIH3T3 cells and primary mouse skin fibroblasts were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, penicillin (100 U/ml) and streptomycin (100 mg/ml) in an atmosphere containing 10% CO 2 at 37 1C. Transfection was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
Plasmids and antibodies
The RhoA, RhoB and RhoC mutants were generated by the PCR-based mutagenesis. The siRNA sequences were chosen based on the previously published studies, in which when the sequences were of human cDNA, the corresponding mouse cDNA sequences were used. The sequences of RhoA siRNA #1 (5 0 -GCAGGTAGAGTTGGCTTTA-3 0 ) and RhoC siRNA #1 (5 0 -GACTACGATCGCCTGCGGC-3 0 ) were adopted from the human siRNA sequences used in the study by Simpson et al. (2004) . The sequence of RhoA siRNA #2 (5 0 -AAGGCAGAGATATGGCAAA-3 0 ) was from the study by Wang et al. (2003a) , and the sequence of RhoC siRNA #2 (5 0 -GGAGAGAGCTGGCCAAGAT-3 0 ) was from the human sequence published by Kabuyama et al. (2009) . The RhoB siRNA sequence (5 0 -CCGGTTCGAGAACTATGT-3 0 ) was taken from the human RhoB-siRNA sequence used by Canguilhem et al. (2005) . The ROCK II siRNA sequence was described previously (Ma et al., 2006) . The siRNA sequences were inserted into the pSuper vector (Oligoengine, Seattle, WA, USA).
The antibodies used in this study are: anti-RhoA, antiRhoB, anti-RhoC, anti-g-tubulin, anti-centrin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-GFP, anti-BrdU (Invitrogen), anti-ROCK II (BD Biosciences, San Jose, CA, USA) and anti-b-actin (Sigma, St Louis, MO, USA) antibodies.
Immunoblot analysis
Immunoblot analysis was performed as described previously (Ma et al., 2006) . Briefly, cells were lysed in SDS/NP-40 lysis buffer. The lysates were heat-denatured, resolved by SDS-PAGE and subjected to immunoblotting. The antibodyantigen complex was visualized by ECL chemiluminescence (Pierce Biotechnology, Rockford, IL, USA).
Indirect immunofluorescence
Cells were fixed with 10% formalin/10% methanol for 20 min (or 100% cold methanol for 20 min at À20 1C for centrin staining), and were permeabilized in 1% NP-40 in phosphatebuffered saline. Cells were then blocked by 10% normal goat serum in phosphate-buffered saline, and incubated with primary antibodies followed by secondary antibodies. The DNA was counterstained with 4 0 ,6-diamidino-2-phenylindole. For ROCK II immunostaining, because it is difficult to distinguish the ROCK II signals at centrosomes due to the ubiquitous presence of ROCK II (Ma et al., 2006) , the transfected cells were briefly extracted before fixation with 0.1 % TritonX-100 in phosphate-buffered saline. The cells were then fixed and subjected to immunostaining. Cells were examined under a fluorescence microscope (Zeiss automated upright fluorescent microscope, or Zeiss automated inverted fluorescent microscope (Zeiss, Thornwood, NY, USA)).
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